We report measured and calculated differential elastic cross sections for collisions of low-energy electrons with diacetylene (1,3-butadiyne). A generally satisfactory agreement between theory and experiment has been found. The calculated cross sections provide interesting insight into the underlying resonant structure.
II. METHODS

A. Experiment
The measurements were performed using a spectrometer with hemispherical analyzers [12] [13] [14] [15] . The energy resolution was about 15 meV in the energy-loss mode, at a beam current of around 200 pA. The instrumental response function was determined on elastic scattering in helium and all spectra were corrected as described earlier [13, 15] . Absolute values of the cross sections were determined by the relative flow technique as described by Nickel et al. [16] using the calculated helium elastic cross sections of Nesbet [17] as a reference. The confidence limit is about ±20% for the elastic cross sections (two standard deviations).
The angular distributions were measured using a combination of mechanical setting of the analyzer and magnetic deflection with a magnetic angle changer [18, 19] . The curves were corrected for the instrumental response function and fitted to the absolute values measured at discrete angles of 20
• , 45
• , 90
• , 135
• , and 180
• , as described in Refs. [13, 15] . The angle of the magnetic scan was incremented in steps of 2.5
• .
Further details of the experiment can be found in the paper on vibrational excitation [11] .
B. Theory
The equilibrium geometry of diacetylene was optimized using second-order Möller-Plesset perturbation theory within the 6-31G(d) Gaussian basis set as defined in the electronic structure program GAMESS [20] , resulting in a C-H bond length of 1.0672Å and lengths of 1.3745 and 1.2246Å, respectively, for the single and triple C-C bonds. For comparison, measured values are 1.09Å for the C-H bond length and 1.384 and 1.218Å, respectively, for the lengths of the single and triple C-C bonds [21] .
Electron-scattering calculations were carried out at the optimized geometry using a massively parallel implementation of the Schwinger multichannel (SMC) variational method [22] [23] [24] . The one-electron space used in the calculations was constructed along the same lines as that used in earlier work on ethylene [25, 26] . It comprised the contracted Gaussian basis set denoted 6-311++G(2d,2p) in standard notation, again as defined in GAMESS, together with a supplement of uncontracted s-type Gaussians (exponent 0.036) distributed around the molecule on a rectangular grid with spacing 2.3Å. (This value was erroneously given as 2.3 bohr in Ref. [25] .) In the present case the grid was extended to ±6.9Å in the direction of the molecular axis while keeping the perpendicular dimensions at ±4.6Å, as in the ethylene calculations. Grid points at the origin and at ±2.3Å along the molecular axis were omitted. The purpose of this supplement is to improve the representation of the scattering wave function by expanding the computational "box" covered by the basis set in a way that allows oscillations, and thus to improve the description of weaker collisions at large impact parameter. After dropping the x 2 + y 2 + z 2 linear combination of Cartesian d orbitals and excluding three linear combinations to avoid numerical linear dependence, the resulting one-electron basis set contained 332 functions. Within this one-electron set, the target ground state was described at the single-configuration self-consistent-field (SCF) level. The SCF virtual orbitals were subjected to an orthogonal transformation to form modified virtual orbitals (MVOs) [27] defined by an 8 + cationic Fock operator constructed from the occupied SCF orbitals, in order to obtain a set of compact virtuals for the representation of target polarization [25] . That representation included singlet-coupled virtual excitations of them. In the experimental data the 2 u resonance near 1 eV, with its narrow boomerang structure [11, 28] , clearly influences the elastic cross sections in the 0.5-1.5 eV energy range. The 2 g resonance around 5.5 eV causes a broad hump in the 4 -7 eV region. The shape and peak energy vary strongly with the scattering angle, indicating an angle-dependent coherent superposition with a nonresonant background. The 2 u resonance is too sharp in the calculated data, as expected for a fixed-nuclei calculation, but it is also too low in energy (about 0.47 eV instead of 1 eV), probably indicating that the scattering wave function is "overcorrelated" relative to the Hartree-Fock wave function used to define the target molecule. We observed similar overcorrelation of the lowest-energy π * resonance in pyrazine [29] when we included triplet-coupled excitations necessary to describe the highestenergy π * resonance. The calculated fixed-nuclei width of about 65 meV, obtained from a fit to the eigenphase sum, is qualitatively compatible with the width of 30 meV derived from the width of the narrowest boomerang structures [11] .
The calculated position of the 2 g resonance, on the other hand, is close to where it is observed experimentally, though this may in part reflect cancellation of errors (overcorrelation versus channel coupling). At higher energies we see the usual pseudoresonances. Qualitatively, the calculation reproduces correctly the height and the shape of the structure due to the 2 g resonance, superimposed on the nonresonant background, for the various scattering angles. Figure 6 shows the contributions of the different symmetries to the calculated integral cross section and provides interesting ) component, although in the experiment this would be completely obscured by the (nonresonant) maximum in 2 B 1u ( 2 u ). The sudden drop in the 2 B 1u contribution near 9 eV is associated with a jump in the eigenphase sum, so it appears to be a shape resonance with an unusual profile. Being rather weak, it does not much affect the differential cross sections, although it may account for dips near 9 eV in the differential cross sections at 90
• and 135
• (Figs. 3 and 4) . In 2 A g , there is a resonance with a Fano-type profile near 5.9 eV that might be a real Feshbach resonance or just a pseudoresonance; it is difficult to say from this level of calculation. We point out that such a resonance is expected in this energy range in view of the 10.15 eV ionization energy (leading to a 2 g cation) of diacetylene ( [30] and references therein). Sharp Feshbach resonances were observed at 6.7, 6.8, and 7.0 eV in the yield of slow electrons [31] . A more diffuse core excited resonance was postulated to be at the origin of the 5.25 eV dissociative electron attachment band [11, 32] . A broad (width ≈ 2 eV) shape resonance was postulated experimentally at 4.3 eV, based on enhancement of the C-H stretch vibration, and assigned as there is no indication of such a resonance in the B 1u ( u ) or A g ( g ) contribution in Fig. 6 .
The angular distributions are shown in Fig. 7 . The agreement between theory and experiment is generally satisfactory. As already mentioned, the present calculation puts the 2 u resonance at about 0.47 eV, while the fixed-nuclei approximation makes it very narrow, causing the calculated cross section at 0.45 eV to be artificially high. The calculated cross section at 0.4 eV is therefore not shown in the figure. The agreement is better at 1 eV, where a substantial difference is found only below 50
• . The general shape above 50 • , with a minimum around 120
• , is well reproduced. At 5.5, 10, and 15 eV the agreement is very good in the forward hemisphere, while the calculated values are somewhat higher than experiment in the backward hemisphere. The experimental integral and momentum-transfer cross sections determined from the angular distributions (with visual extrapolation down to 0
• ) are given, and compared with theory, in Table I and Fig. 8 . As mentioned previously, the calculated integral and momentum-transfer cross sections to exceed the experimental values at most energies.
As discussed previously [32] , the [31, 33] . Although the SMC calculations take account of such channel mixing, our method of solving for the scattering amplitude does not generate wave functions from which we might gauge its significance. As a diagnostic, therefore, we performed a configuration-interaction calculation on the a Theoretical value at 5.4 eV.
IV. SUMMARY
We have reported experimental and computational results for elastic collisions of low-energy electrons with diacetylene. As expected from a consideration of the unoccupied valence orbitals, the cross section is dominated by 
